Mistletoes are parasitic plants, the spatial distributions of which are poorly understood on macroecological scales. Because of their highly unusual life history, investigating mistletoe macroecology may provide new insight into broad-scale patterns in species distributions. We collated data on the spatial distribution and host use of 65 species of Loranthaceous mistletoes across the continent of Australia, and tested two predictions. First, we predicted mistletoe diversity would be unrelated to productivity (i.e. evapotranspiration and precipitation), as the parasitic lifestyle might relax environmental constraints on their distributions. Second, we predicted that mistletoe host ranges (number of infected host species) would increase in areas with more potential host species. The basis of this prediction is that greater host generality is likely to evolve in regions with greater host diversity because of greater unpredictability in encounter rates with particular host species. Conversely, in regions with fewer potential hosts, randomly dispersing mistletoe propagules are likely to repeatedly encounter particular host species, thus favouring the evolution of host specialization. The results were generally consistent with these predictions. Mistletoe diversity across Australia was weakly associated with environmental conditions, whereas mistletoe host ranges increased significantly with total plant diversity. Macroecological patterns in mistletoes are unusual. In contrast to non-parasitic plants, mistletoe diversity is poorly correlated with productivity. Host ranges varied predictably across Australia, providing the first quantitative support for the hypothesis that mistletoes in diverse regions tend to be host generalists, whereas mistletoes in depauperate regions tend to be host specialists.
INTRODUCTION
Global patterns in plant species richness are often correlated with contemporary climate, particularly water-energy, dynamics (O'Brien, 1998; Hawkins et al., 2003; Currie et al., 2004; Kier et al., 2005; Kreft & Jetz, 2007) . Measures of precipitation and atmospheric energy often account for more than 60% of the variation in richness patterns (see Hawkins et al., 2003) . Along with evolutionary history (Latham & Ricklefs, 1993) , soil nutrients (Huston, 1980) and differential diversification rates (Harrison & Cornell, 2007) are also important causal processes. However, even with contemporary climate being such a strong predictor of plant species richness, the mechanisms underpinning diversity-productivity relationships remain elusive (Hawkins, 2004 (Hawkins, , 2008 Leighton, 2005; Clarke & Gaston, 2006; Harrison & Cornell, 2007; Harrison & Grace, 2007; Mittelbach et al., 2007) .
In the case of parasites, diversity-productivity relationships are complicated by the role that hosts play in parasite life history. As parasites rely on host individuals for essential resources, the physiological condition of hosts may indirectly influence parasite performance (see Bickford, Kolb & Geils, 2005) . This host reliance may relax climatic contraints on parasite distributions, perhaps producing novel patterns of species richness. Results of investigations into parasite species richness are inconsistent, particularly at broarder scales, exposing further gaps in our understanding of diversity-productivity relationships (Rohde & Heap, 1998; Poulin, 2001 Poulin, , 2007a Guernier, Hochberg & Guégan, 2004) . Mistletoes might be especially useful subjects for investigating diversityproductivity relationships, with the possibility of offering insight into patterns of both plant and parasite diversity. Because mistletoes obtain water and nutrients from their hosts, they may not be limited by environmental productivity in the same way as non-parasitic plants. Consequently, mistletoes may exhibit unusual distributions on macroecological scales.
The term 'mistletoe' refers to a taxonomically diverse group of hemiparasitic plants (order Santales) that evolved a parasitic lifestyle polyphyletically (Mathiasen et al., 2008; Vidal-Russell & Nickrent, 2008) . Most of the 1400 currently recognized mistletoe species belong either to the family Loranthaceae (with the exception of Nuysia, Atkinsonia and Gaiadendron), which evolved in the southern hemisphere, or to the family Viscaceae, which evolved independently in the northern hemisphere (Shaw, Watson & Mathiasen, 2004; Watson, 2004; Vidal-Russell & Nickrent, 2008) . Species in both families are largely reliant on their hosts for the supply of water and mineral nutrients (Calder, 1983) . Consequently, their distributions through space are potentially shaped by the distribution and compatibility of suitable hosts (Norton & Reid, 1997) .
Previous work on mistletoes has mostly focused on small scales of ecological organization, which has generated important insights into mistletoe physiology (Bickford et al., 2005; Amico et al., 2011) , population biology and host-parasite interactions (Dean, Midgley & Stock, 1994; Norton & de Lange, 1999; Gonzáles et al., 2007) . Far fewer studies have investigated mistletoe distributions on large macroecological scales (see Shaw et al., 2004; Mathiasen et al., 2008; Watson, 2009) , with none being conducted at a continental scale. Therefore, our understanding of how mistletoes are distributed on broad scales of ecological organization remains poorly resolved.
The total number of host species used by a mistletoe species is known as its 'host range', and mistletoe species can have markedly different host ranges (Grenfell & Burns, 2009) . As with spatial patterns in mistletoe diversity, spatial patterns of mistletoe host ranges are poorly understood (but see Dean et al., 1994) . Barlow & Wiens (1977) observed that mistletoe species inhabiting species-rich rainforest often have larger host ranges than mistletoe species inhabiting temperate forests or semi-arid savannah. Norton & Carpenter (1998) formalized this notion into a testable hypothesis, predicting that mistletoe host ranges scale positively with potential host diversity. They reasoned that in areas supporting higher numbers of host species, the likelihood that mistletoe propagules will disperse consistently to a particular host species is low. Therefore, large host ranges (i.e. host generalisation) should be favoured evolutionarily. Conversely, areas supporting lower host diversity will facilitate the evolution of small host ranges (i.e. host specialization), because of the increased predictability in encountering the same host species during dispersal. Although Norton & Carpenter (1998) provide an interesting, testable hypothesis concerning mistletoe macroecology, it has yet to be assessed quantitatively.
We investigated macroecological patterns in the diversity and host range of all the species of Loranthaceous mistletoes inhabiting Australia. We compiled published records of the spatial distribution and host use of mistletoes, and used long-term climatic records and plant inventories to map the geographic distribution of environmental conditions (precipitation and evapotranspiration, hereafter productivity) and total plant diversity across the continent. Data were used to test: (1) whether mistletoe diversity scales positively with productivity, as in other types of plants; and (2) whether mistletoe host ranges increase with total plant diversity.
MATERIAL AND METHODS
The distribution of all Loranthaceous mistletoe species inhabiting Australia was manually acquired from Australia's Virtual Herbarium -an online database of specimen data from all of Australia's major herbaria (http://www.chah.gov.au/avh/index.jsp). The accuracy of collection locations can vary because of inconsistencies in collection protocols (see Miller, Enright & Lamont, 2007) . In order to validate data accuracy, herbaria assign 'precision levels' to each collection, which scale from one to six (with one being the most precise and six being indefinable). We excluded all collections with a precision level greater than four to promote accuracy. This meant that all collections included in the study had location data accurate to within 50 km. In total, the data set consisted of 11 108 collection records for 65 species, representing nine genera of the family Loranthaceae.
The term 'host range' describes the degree of host specificity displayed by parasites (Lymbery, 1989) , and is defined as the number of all known host species of a particular parasite species. Host ranges are commonly estimated from published records of parasite occurrence, and in the case of mistletoes, herbarium records provide a valuable source of host range information (Downey, 1998) . However, the use of herbarium records and other taxonomic databases are subject to a range of limitations (Reddy & Dávalos, 2003; Doherty & Harcourt, 2004; Hortal, Lobo & Jiménez-Valverde, 2007; Archaux, 2009; Ahrends et al., 2011a, b; Foody, 2011; Rocchini et al., 2011, and refs within) . For example, estimates of host range are often biased by sampling effort, because the total number of known host species increases passively with the number of individuals inspected (Poulin, 2007b) .
Grenfell & Burns (2009) recently investigated the host ranges of Australian mistletoes. They analysed Downey's (1998) extensive inventory of herbarium specimens and concluded that the number collection records confounds the estimates of mistletoe host ranges. Following Grenfell & Burns' (2009) recommendations to account for these sampling effects, we plotted the number of known host species against the corresponding number of collection records for each mistletoe species. Using ordinary least squares regression, we then obtained the standardized residuals of this relationship, which were then treated as unbiased estimates of mistletoe host ranges corrected for sampling effort. Values approaching 1 indicate host generalization (i.e. large host ranges), whereas those approaching -1 indicate host specialization (i.e. small host ranges).
This method of correcting for the potentially confounding effects of sampling effort makes two assumptions about how herbarium records are collected. First, it assumes that botanists working in different geographic locales make similar decisions when collecting specimens. If botanists in one region collected specimens of a generalist mistletoe species from the same host species preferentially, whereas botanists in other regions collected specimens from novel hosts species preferentially, it would seriously confound the host range estimates based on herbarium records. Second, it also assumes that botanists across Australia do not intentionally collect from novel mistletoe-host species pairs. Although violations of the first assumption seem unlikely, the second assumption might often be violated, as botanists often seek novel material (i.e. new mistletoe-host interactions) for their collections. Therefore, the true host range of any mistletoe might have a direct effect on sampling effort (see Ahrends et al., 2011a, b) . In an effort to minimize this potential source of bias, we derived a new metric for analyses (see Fig. 1 ).
After plotting host ranges (the number of host species attacked by each species of Australian mistletoe) against sampling effort (the total number of host records lodged in Australian herbaria) on a Cartesian plane (see Fig. 1 ), the distance along the y-axis represents a minimum estimate of its host range (b). And the distance from the line of isometry along the x-axis represents the total number of redundant collection records (a). Points along the line of isometry represent species with perfect sampling efficiency (no redundant collection records), and points above this line are impossible. The ratio b/(a + 1), with a + 1 used to avoid undefined values, can be taken as an estimate of mistletoe host range diversity
The KQ value is analogous to other measures of host diversity (e.g. the Shannon index) because it incorporates information on both species richness and relative abundances. When the number of recorded host species is high and the number of redundant collection records is low, KQ will take high values, indicative of host generality and an even distribution among host species. Conversely, when the number of host species is low and the number of redundant collection records is high, KQ will take low values, indicative of host specialization and an uneven distribution among host species. The use of KQ in our analyses should be robust to violations of the second assumption (preferential collection of mistletoe species on novel hosts), just so long as biases towards novel interactions are repeated evenly among mistletoe species and through space.
We collated data on atmospheric energy and precipitation (here used as an indirect measure of productivity; see Mittelbach et al., 2001 ) across Australia because they are known to be predictors of the diversity of non-parasitic plants (see Hawkins et al., 2003 ; Figure 1 . A diagrammatical representation of the metric KQ, which accounts for the effects of sampling effort on variables investigated commonly in macroecology. A single data point is illustrated as a circle for a hypothetical mistletoe species. The distance along the y-axis represents a minimum estimate of host range 'b'. The distance from the line of isometry on the x-axis represents the number of redundant collection records 'a'. KQ = b/(a + 1) estimates host range diversity, with high values (high minimum host range and/or low number of redundant collection records) indicating host generality, and low values (low minimum host range and/or a high number of redundant collection records) indicating host specificity. Kreft & Jetz, 2007) . Both variables were obtained from long-term climatic observations by the Australian Bureau of Meteorology between 1961 and 1990. Atmospheric energy was characterized by the average areal potential evapotranspiration (PET) and precipitation was calculated as the average number of days with more than 1 mm of rain each year (rain days). The PET data have a spatial resolution of 0.1°and the rain days data have a resolution of 0.025°.
Mistletoe diversity, PET, and rain days were characterized along a grid of cells measuring 1°of latitude by 1°of longitude across the entire continent of Australia (total N = 1044 grid cells). Tasmania lacks mistletoes, so was omitted from consideration. The total area of land encompassed by each grid cell varied because of land-ocean interfaces at the edges of the continent, inland water bodies, and latitudinal shifts in the actual horizontal extent of grid cells. These problems are inherent to many studies in macroecology, and are unlikely to influence the results (see Willig, Kaufman & Stevens, 2003) . Mistletoe distribution data were manually uploaded into ArcGis for each of the 65 species, allowing mistletoe species richness to be acquired for each grid cell. PET and rain days data were supplied in a format suitable for ArcGis and precise measures were attainable. Where two or more zones of PET or rain days intersected an individual cell, average values were calculated. Variables were tested for collinearity prior to analysis (tolerance = 0.985; variance inflation factor, VIF = 1.015).
Spatial autocorrelation (SAC) is a common attribute of spatial data, and a variety of techniques exist to overcome this cause of non-independence (see Dormann et al., 2007) . So we conducted generalized least squares regression (GLS) and spatial eigenvector mapping (SEVM; also referred to as eigenvectorbased spatial filtering, see Diniz-Filho & Bini, 2005) to account for SAC (filters were selected to minimize residual Moran's I). In the GLS analyses, the semivariogram models were as follows: uncorrected data set and K Q, spherical; standardized residuals, exponential. We also conducted a non-spatial general linear model (GLM; i.e. multiple regression) to explore the effect of accounting for SAC on the subsequent results.
To obtain estimates of vascular plant species richness across Australia, we used the work of Kier et al. (2005) , who estimated plant species richness for each of 867 terrestrial 'ecoregions' distributed globally, which were defined as relatively large areas with a characteristic set of biota (Olson & Dinerstein, 1998; Olson et al., 2001) . This resulted in mainland Australia being separated into 33 distinct ecoregions (WWF, 2010) . Estimates of tree species richness would be preferable for this analysis, because mistletoes in the family Loranthaceae attack trees preferentially (see Watson, 2011) . Unfortunately, these data are currently unavailable. However, total plant species richness is likely to be a surrogate for tree richness, as the diversity of different plant functional groups are correlated globally (Gentry & Dodson, 1987) .
Statistical analyses of host range diversity were conducted on three response variables to test whether mistletoe host ranges increased in regions with higher total plant diversity: (1) raw, uncorrected host ranges; (2) host ranges corrected by taking the standardized residual values from the host range sampling effort relationship; and (3) K Q values calculated from the host range sampling effort relationship. All three variables were averaged among all mistletoe species present in each of the 33 ecoregions. One ecoregion was omitted from analysis because of an absence of mistletoe records (Jarrah-Karri forest and shrublands). Correcting for spatial autocorrelation was not possible in this analysis because ecoregions were not uniformly shaped and some ecoregions were nested within others. Therefore, we used ordinary least-squares regression.
Estimates of mistletoe species richness are likely to be confounded by sampling effort, similarly to host range estimates, because botanists often collect specimens from more diverse regions preferentially. Therefore, we conducted statistical analyses of mistletoe diversity using three response variables: (1) uncorrected mistletoe richness; (2) the standardized residuals from the mistletoe species richness sampling effort relationship (as described for host ranges, see Grenfell & Burns, 2009); and (3) K Q values calculated from the richness sampling effort relationship. Statistical analyses were carried out in SPSS (2008) and spatial statistics were calculated using SAM (Spatial Anaylsis in Macroecology; Rangel, Diniz-Filho & Bini, 2010) . All sampling was carried out using ArcMap 9.3 (ESRI, 1999 (ESRI, -2008 .
RESULTS
Precipitation and potential evapotranspiration predicted mistletoe species richness in one-third of our statistical analyses (see Table 1 ). In two instances mistletoe diversity was correlated with precipitation (uncorrected data set: GLM, coeff = 0.016, P < 0.001; SEVM, coeff = 0.022, P < 0.001), and in four instances it was correlated with potential evapotransporation (coeff < 0.001, P < 0.001). However, in the few comparisons that were statistically significant, relationships were weak and climate predicted only a small level of the total variation in mistletoe species richness. When the confounding effects of SAC and sampling biases were accounted for, the predictive value of climate was minimal (see Fig. 2 ; Table 1 ).
Results from analyses of mistletoe host ranges were consistent with the hypothesis that mistletoe species inhabiting more diverse regions tended to attack a comparatively wide diversity of host species (Fig. 3) . Uncorrected host range estimates were unrelated to total plant species richness (r 2 = -0.013, P = 0.446). However, after correcting for sampling effort (i.e. standardized residuals of the relationship between host range and sampling effort) host ranges increased with total plant species richness ( Fig. 3B ; r 2 = 0.165, P = 0.010). Similarly, KQ values also scaled positively with total plant species richness (r 2 = 0.361, P < 0.001).
DISCUSSION
Spatial patterns in plant species richness are often correlated with contemporary climate, suggesting that water-energy inputs promote elevated species diversity (Scheiner & Rey-Benayas, 1994; O'Brien, 1998; Hawkins et al., 2003; Currie et al., 2004; Hawkins, 2004; Kreft & Jetz, 2007) . However, productivity predicted spatial patterns in the diversity of Australian mistletoes poorly. There was generally weak statistical support for climatic effects on mistletoe diversity, and in the few instances where climate was statistically significant, it accounted for only a small fraction of spatial variation in mistletoe diversity. This result is inconsistent with the 'water-energy dynamics hypothesis' (see O'Brien, 1998; Hawkins et al., 2003; Currie et al., 2004; Kreft & Jetz, 2007) , and suggests that the main mechanisms responsible for macroecological patterns in mistletoe diversity are unrelated to productivity. Other causal processes (e.g. niche conservatism, differential diversification rates, and climatic history) might be better explanations (Hawkins, 2004 (Hawkins, , 2008 Leighton, 2005; Clarke & Gaston, 2006; Harrison & Cornell, 2007; Harrison & Grace, 2007; Mittelbach et al., 2007) .
As misteltoes are reliant on their hosts for the supply of mineral nutrients (Calder, 1983) , the availability of nutrients through geographic space may be important in shaping spatial patterns of mistletoe diversity. In one of the first studies of mistletoe distributions on a broad spatial scale, Dean et al. (1994) searched for environmental correlates of the diversity of mistletoes in Southern Africa. They found that mistletoe diversity was broadly associated with soil nutrient concentrations. Geographic regions with elevated nitrogen housed more mistletoe species, as did host species with higher nutrient balances. This is in line with the 'host-quality' hypothesis (Watson, 2009 ). The quality of potential hosts may be an important factor in determining which hosts are infected, and as a result the spatial distribution of mistletoe species. A similar situation may occur with Australian mistletoes, and future work would benefit from quantifying spatial variation in soil nutrients and host suitability.
There is a growing consensus that historical processes play a large role in determining present-day patterns in species diversity (Hawkins, 2008) , and this may be particularly relevant to mistletoes. Mistletoes are largely dependent on their hosts for the supply of water and nutrients (Calder, 1983) . This reliance on host species may facilitate coevolutionary processes between mistletoes and their hosts. Coevolutionary dynamics operate at broad geographic scales, with the degree and nature of selection varying through space (Thompson, 2005) , potentially leading to geographically structured host-parasite interactions (see Lively, 1999) . It seems likely that coevolutionary processes operating between misteltoes and their hosts may also play a role in Table 1 . Results from statistical analyses of mistletoe species richness and climatic variables across Australia. The three response variables are shown in the first column. Precipitation (average number of rain days annually) and productivity (potential evapotranspiration, PET) is shown in the second column. Results from a non-spatial, general linear model are shown in the next three columns. Two spatially explicit models, generalized least squares (GLS) regression and spatial eigenvector mapping (SEVM), are shown in the last six columns Shaw et al., 2004) . Historical changes in fire regimes and climatic conditions may influence the abundance and distribution of potential hosts, and be important in determining spatial patterns of Australian mistletoe diversity. Dispersal is particularly important for mistletoes, as successful seed germination is subject to strict requirements (e.g. mistletoe-host compatibility). Thus, it may prove to be an important mechanism determining mistletoe distribution, possibly interacting with the other mechanisms outlined above. In the case of stem-parasitic Loranthaceae, all members use vertebrate dispersal vectors (e.g. the Mistletoebird Dicaeum hirundinaceum; Liddy, 1983) . Dispersal vectors play a prominent role in changing the spatial patterns of many plant communities (Tucker & Murphy, 1997) , and the importance of birds in facilitating forest succession is well known. Mistletoes and frugivores in particular may have coevolved because of the strong dependence mistletoes have on successful dispersal (Reid, 1991) . Interactions between mistletoes and dispersal vectors may therefore affect mistletoe diversification and the spatial patterns of mistletoe diversity (Restrepo et al., 2002) . Barlow & Wiens (1977) first suggested that mistletoe host ranges increase with host diversity. Norton & Carpenter (1998) formalized this notion into a testable hypothesis, noting important consequences for the understanding of host-parasite evolution. In areas of high plant species richness the likelihood that mistletoe seeds will be dispersed consistently to any particular host species is greatly reduced, thus offering a selective advantage to being a host generalist. Conversely, in areas with fewer potential host species, mistletoe seeds will encounter particular host species more regularly, thereby favouring the evolution of host specialization. Norton & de Lange (1999) provide some support for this hypothesis. They found that New Zealand mistletoes inhabiting less diverse forests had relatively high levels of host specificity, whereas those found in forests with a greater diversity of potential hosts tended to have broader host ranges. After addressing differences in sampling effort among mistletoe species, our results indicate that mistletoe host ranges do indeed scale positively with total plant diversity, thus providing the first broad-scale support for the proposition that mistletoe host ranges increase with potential host diversity. Although our results are consistent with Norton and Carpenter's hypothesis, a substantial level of variation in host ranges remains unexplained. This may be a result of the coarse estimates of vascular plant species richness used, as finer-scale more accurate measures of tree diversity were not available. The evolutionary history of mistletoes and hosts may also be important. Norton and de Lange (1999) suggest this may be the case in their examination of the host ranges of New Zealand mistletoes. It seems likely that this could also be an important factor influencing Australian mistletoe host ranges. The Acacia and Eucalyptus genera form nearly half of all host species of Australian Loranthacea (Downey, 1998) , and are present across all of Australia (Barlow, 1981) . Co-evolutionary processes between Acacia and Eucalyptus host species may have been important in determining host ranges, similar to relationships between misteltoes and Nothafagus hosts in New Zealand (Norton & de Lange, 1999) . Marquardt & Pennings (2010) demonstrated that the parasitic plant Cuscuta indecora did not parasitize all potential hosts, because of mismatches in parasite-host phenologies, preferential infection of tall hosts, and the apparent inability of some hosts to repel infection. A similar explanation might explain variability in the relationship between host range and plant species richness. The biochemical composition of potential host species (Dean et al., 1994) , strong dependencies on avian dispersal vectors (e.g. Reid, 1989 Reid, , 1991 , and evolutionary history are but a few potential factors that may influence patterns of host use, and in turn the host ranges realized.
Variation in sampling effort is a problem for any investigation into species diversity, and valuable insights have come from the examination of animalparasite interactions (Walther et al., 1995; Guégan & Kennedy, 1996; Walther & Morand, 1998) . Although the effects of host geographic range on species richness estimates have been discussed in detail (Guégan & Kennedy, 1996) , the effect of sampling effort on parasite host range estimates has been largely overlooked (but see Grenfell & Burns, 2009 ). Other contributors have suggested extrapolation methods that estimate the true species richness from incomplete records (Walther et al., 1995; Walther & Morand, 1998) , or simply from dividing the variable in question by sampling effort to account for sampling effects (Ollerton & Cranmer, 2002) . The K Q metric developed herein is efficiently calculated, provides an informative correction, and is not sensitive to the dependent variable in question.
Mistletoe diversity does not scale with productivity, similarly to most other types of organisms. Parasitism generates a number of novel factors influencing mistletoe distributions, so spatial patterns in mistletoe diversity may result from unique processes. Soil nutrient levels may be unusually important (Dean et al., 1994) , so future work on soil nutrient levels along with historical climate changes, and associated changes in host distribution, may be the primary factors driving spatial patterns in mistletoe diversity. On the other hand, areas with high plant diversity tend to support mistletoe species with broad host ranges, whereas more specialized mistletoes tend to be found in areas where the overall plant diversity is low. This result provides clear support for Norton and Carpenter's hypothesis across Australia.
